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1 Introduction lasercomm link§ and for satellite laser rangirg.

; ; ST ; For the past 7 yr the Naval Research Laborat®RL)
Free-space optical linkdasercomm are finding increasing
use for commercial systems and are being considered forhasltyvlorked 0? the delzlve'\l/lop\rpvent Of('jv”TT SglgFﬁm,fAbi‘/f/ed on
military systems:~* The narrow divergence and high band- Mu'tPl€-quantum-we (MQW) modulators. Q

width of optical beams enable point-to-point data links at modula_ltor:_s are semicon%uc&pr(i}—; dlevices Whose.iﬂhlarF'aR
rates exceeding 1 Gbits/s. However, these links require €Nt SWItching rate exceeds z. In practice, wit

large telescopes, lasers, and highly accurate pointing sys-"nks’ .th's SW'tCh.'ng rate is limited by _the resistance-
tems to work. There are many situations in which one end capacitancéRC) time constant of the device. We investi-

X . ted two forms of MQW MRR. One is based on corner-
of the link cannot accommodate the weight of a lasercomm 92 ;
terminal. These asymmetric links often r?ave lower data re- cube retroreflectors and is capable of data rates up to about

10 Mbits/s using 0.63-cm-diam retroreflectdfshe other,

®based on cat

(1 to 100 Mbits/$ data rate sensor. An optical link may still by Us at rates up to 70 Mbits/s with a 1.6-cm aperftire.

be desirable in these cases because rf terminals for these™ | o past, we demonstrated MRR links at a wavelength
data rates would be large, rf spectrum allocation may be ;¢ 980 nm to ’a small unmanned aerial vehi@lgAV) using
limited, and because optical links are difficult to intercept. ;g technology® Those links were over a range of a few
For this class of problems, a modulating retroreflector hyndred feet, limited by the necessity of using broad diver-
(MRR) link is appropriate. _ gence laser beams for laser eye-safety considerations. To
An MRR couples a passive optical retroreflector such as address this issue we have developed MQW MRR that
a corner-cube or cat's eye with an electro-optic modulator. work at 1550 nm, an eye-safe wavelength.
Figure 1 shows a diagram of a corner-cube-based MRR. In  Here we report on a 5-Mbits/s MQW MRR link at 1550
an MRR link, a conventional, actively pointed, lasercomm nm over ranges of up to 2 km. The link was from an inter-
terminal on one end interrogates an MRR on the other end rogator on the shore to a boat on Chesapeake Bay. We
of the link with a continuous wave laser beam. This beam is describe the design of the MRR array and its relevant fig-
passively retroreflected back to the interrogator with a sig- ures of merit. In addition, analysis of the link data provides
nal imposed on it by the modulator. insight into the effects of atmospheric turbulence on the
MRRs were used in the past, but have typically been optical link, as investigated through probability distribution
limited in their data rate by the choice of the electro-optic functions and power spectral density profiles, and, in turn,
modulator. A link at a range of over 30 km was demon- the derived fade rate plots show the feasibility of using
strated usinga liquid crystal MRR. However, its data rate  such free-space links in a maritime environment.
was limited to 10 kbits/s by the switching time of the liquid
crystal. An MRR system using coherent €@ansmission 2 MQW MRRs
was also demonstrattdut with a bandwidth of just 3
kbits/s. In addition, passive retroreflector links have been
used to characterize the atmosphete,fold conventional

The operation of corner cube MRRs is determined prima-
rily by the characteristics of the modulator that they use.
MQW modulators are based on l1lI-V semiconductors
grown epitaxially on a substraté.The MQW consists of

0091-3286/2005/$22.00 © 2005 SPIE alternating very thin layers of at least two materials: a well
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Rabinovich et al.: Free-space optical communications link . . .

Fig. 1 Diagram of an MRR: 1, incoming beam; 2, outgoing, modu-
lated beam; 3, data source; 4, multiple-quantum-well modulator; 5,
corner-cube retroreflector.

and a barrier. Typical layer thicknesses are less than 10 nm
and total active region thicknesses are a few micrometers.
MQW modulators work by changing their optical absorp-
tion when a voltage is applied. The absorption change takes
place over a range of wavelengths near the band edge of th
well material. The strength of the absorption change and
the voltage required to achieve it are determined by the
layer structure of the MQW.

Optically, the most important characteristic of an MQW
modulator is its contrast ratio, which is simply the ratio of
its transmission in its “on” state divided by the transmis-
sion in its “off” state. MQW modulators are often used in
waveguide mode. But for an MRR application, they must
be used in surface-normal mode. This limits the contrast
ratio that is achievable because the optical interaction
length can only be twice the device thickness. Typical con-
trast ratios are between 2:1 and 3:1.

&

absorption

1480 1520 1560

Wavelength

Fig. 2 Optical absorption of the coupled quantum well at two differ-
ent bias voltages: 0 and 6 V.

In considering the optimal MQW structure to use for an
MRR link, it is important to consider both the modulator
nd the nature of the optical receiver used on the interro-
gator terminal. At data rates of a few megabits per second,
typical optical telecommunication detectors such as
erbium-preamplified photodiodes do not work effectively
due to the lack of extremely narrowband optical filters for
limiting spontaneous emission noise. Instead InGpAsn
diodes or avalanche photodiodes are used. As a result, the
noise in the optical receiver is generally dominated by the
noise of the electronic preamplifier circuit. Unlike
guantum-limited systems, in which the noise level increases
as the optical contrast ratio decreases, the noise level in this
case depends only on the strength of the ac-coupled signal.
The optical signal-to-noise rati@®SNR can then be de-

Electrically, MQW modulators take the form of a large fIned as
areap-i-n diode. The intrinsic switching time of an MQW _ _ _ _
modulator is limited by itsRC time up to data rates of QSNR= Pon™ Potr _ rEtexp( %on) ~ EXX ao”)1 (1)
gigahertz, whereR is the electrical resistance art@ the Proise Phoise

capacitance. ThiRC time is determined by the device ca-

pacitance, which is related to the required optical aperture, WherePon s the optical power returned by the MQW MRR
and the sheet resistance, which is determined by the elecWhen it is in its high transmission state is the power

trode design. The design of an MRR link must balance
using a large optical aperture, to return sufficient light, and
the RC time of the device.

For the links reported here, we used an MRR with a
0.63-cm-diam aperture. The MQW MRR is basédn
InGaAs/InAlAs quantum wells grown on InP. The MQW
was surrounded by prtype InAlAs electrode on top and an
n-type InAlAs electrode on the bottom. These devices op-
erate around 1.5um, which is desirable from an eye-
safety point of view. Two different kinds of MQW layer
structures were used. For the first set of links we used a
simple square well, which required a drive voltage of 10 to
15V, and for the second set of links we used a more so-
phisticated coupled-well structut&® which required 4 to

returned in the low transmission stat,,s. IS the noise-
equivalent power of the detectd?,¢; is the optical power
returned by the MRR excluding losses in the MQW modu-
lator, ande,, is the double-pass absorption-length product
of the MQW in its high transmission state aady in its

low transmission state. From E@.) we can see that maxi-
mizing the OSNR depends on both the optical contrast ratio
and the optical transmission of the MQW. This can be seen
more clearly by defining a figure of merit for the MQW, its
modulation efficiency:

M =exp( — agp) — eXP( — agf) = EXPl — a’off)(CMQW_ 1), @

6 V. For both structures, higher drive voltages produced where M is the modulation efficiency, an@yqw is the

higher contrast ratios. The coupled-well structure con-
sumed approximately eight times less power at the same

optical contrast ratio of the MQW. The OSNR of an MQW
MRR link is then simplyM Pt/ P ise- This figure of merit

data rate as the square well, because the MQW power con-makes it clear that increasing the MQW contrast ratio by

sumption scales a@V?, whereV is the drive voltage. Both
structures produced contrast ratios of more than 2:1 when
operated at their peak wavelength. Figure 2 shows the op-
tical absorption of the coupled quantum well with and with-
out bias.

Optical Engineering 056001-

increasing its thickness does not always improve link per-
formance. This is because the increased contrast ratio will
come at the cost of reduced optical transmission.

The contrast ratio and modulation efficiency of the
coupled-well MQW is shown in Fig. 3. While the contrast

2 May 2005/Vol. 44(5)
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Fig. 3 Contrast ratio and modulation efficiency of a coupled-well
MQW as a function of wavelength when modulated using a 0 to 6-V
drive pulse.

ratio is highest near 1520 nm, the OSNR will be highest at _ _

the longer wavelength peak near 1550 nm. In addition, the ~ Fig- 4 Metal grid electrode pattern on the MQW modulator.
very low contrast ratio peak near 1570 nm produces a rela-

tively high modulation efficiency due to the higher optical

transmission in the longer wavelength wing of the MQW laser interrogator wavelength there is a fixed range of tem-

absorption feature. perature over which the device returns a strong signal. For

While the modulation efficiency determines the OSNR, both the square-well and the coupled-well devices this tem-
other issues must be considered. If the received signal is dc q P

coupled, the signal will consist of a small modulation riding PErature range was about 20°C. The center of this range is
on a slowly, but strongly, varying level due to atmospheric set by the interrogating laser wavelength. This enables a
scintillation. As we show later, the time scale of scintilla- wavelength-agile interrogator to be used to extend the op-
tion is three or more orders of magnitude slower than the eratlonal temperature range of the modulators. A tunable
data rate, so these atmospheric variations do not show up a%aser interrogator was used to set the interrogation wa\ﬁe-
noise on the time scale of an individual bit. However, they :ngrt:tirt]o t?aen pga]!; rre;poir\llsé?] oi];ng]r?oma?g? l%&g:/'e-lghne tﬁoig
can reduce the overall signal level below the sensitivity of b?oad er?ou hgthat it is generall suf%icient to set a?laser
the detector, and they slowly shift the threshold that distin- 9 S9 y .

guishe a 1 from a 0 in aligital signal. The first effect is wavelength at the beginning of the day and leave it there.
similar to what happens in all free-space optical links and By tuning over the full bandwidth of an erbium fiber am-

can be dealt with by adding margin or smart retransmission Egﬁrﬁrrﬁé?jrg:tgglra}:ui;ea\llsgagzgisb;2 E)Xg'?:t?iliozfest%ectecrin :r?:lt?ﬁ(_e
protocols to the link. The second effect can be dealt with X P P

sing an adapive tiresnol or even more simply by ac 3 1° MO O ale I esporee b some s ey 10
coupling of the signal. However, the signal processing for a crease the com IexFi)t of the s sfem at the MRFF)epend which
very low contrast modulator, even if it has high optical piexity y ’

throughput, will be more difficult than a higher contrast is generally not desirable.
modulator. In practice, we have found an optical contrast
ratio of between 1.5:1 to 2:1 to be sufficient for most links. 3 Ratroreflector Array Design

As we discuss in Sec. 5, the amount of light returned by i )
a retroreflector depends strongly on its aperture. Since theCorner-cube retroreflectors have a field of vi&vOV) de-
MQW modulator must cover the aperture of the corner termlngd by their |n.dex of refraptlon a.nd by Whgther their
cube, very large area modulators are necessary. The moduteturn is measured in the near field or in the far field. In the
lators used in this experiment had a diameter of 0.65 cm near field, the return drops with angle because the effective
and a capacitance of 2 to 3 nF. Because of the large capaci@pPerture of the corner cube is reduced when it is illumi-
tance of the devices and the high sheet resistance of thehated off normal incidence. In the far field, an additional

p-doped electrode layer, a webbed metal contact structurel®duction in intensity occurs due to the increased diffrac-
(shown in Fig. 4 was used to reduce the effective resis- tion from this reduction in effective aperture. The reduction
tance of thep-doped layet? This contact structure im- in the effective area of the corner cube can be described as

proved the speed of the MQW modulator by more than an 2
order of magnitude over a simple ring contact and enabled _ i1
a top modulgtion rate of about% Mbitg/s. When operated at 7(bin) = (SN " e V244 12N 0,7) COS Gy, 3
this data rate each modulator consumed about 60 mW.
Since MQW modulators use 11I-V semiconductors as whereg,, is the incident angled, is the refracted angle in
their constituent materials their band edge shifts with tem- the corner cube, and is a quantity defined by
perature. Because the optical absorption change occurs over
a finite band of wavelengths this means that for a fixed w=(1—2 tarf 6,2 (4

Optical Engineering 056001-3 May 2005/Vol. 44(5)
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Fig. 7 Actual modulator unit in a digital camera picture taken in the
lab (left) and in an image extracted from a still frame from the opti-
cally transmitted video at 1 km (right). The box contains the L3
wavelet compression unit and modulator drive electronics.

4  Field Experiments

The performance of the MQW MRR was tested by closing
a free-space link to either a single device or to an array of
devices mounted on a boat in the Chesapeake Bay. The
interrogator was positioned on a cliff at an elevation of
about 30 m and the range to the boat was varied from 0.5 to
2 km. This series of experiments was conducted under a
variety of atmospheric conditions over the time period No-
vember 2002 to October 2003. There was no active point-
ing capability for the interrogator available for these tests.
] ] ] ] The transmitted signal was either derived from a pattern
For near-field retroreflection, the optical return is reduced generator set to give a pseudorandom bit sequEPRBS

by 7(6) and for far-field retroreflection by?(6). The full or a square-wave modulation at rates of 250 kbits/s to 5
width at half maximum FOV for a glass corner cube is then Mbits/s, or from a video compression unit set for 3 Mbits/s.
about 42 deg in the near field and 26 deg in the far field. | ong-duration, high-resolution data sequences were re-

To relax the pointing requirements on the retroreflector corded for up to 25 s at 20 megasamples/s and 7.5 s at 50
end of the link, an array of retroreflectors was typically megasamples/s. Live video transmission was carried out
used. Initially, five MRRs were arranged on an umbrella- during four of the tests. The long data sets were subse-
type structure with variable relative angle so that all five quently analyzed giving atmospheric information through
could be either coplanar or held at relative angles of up to the derived power spectral density dependences and the
45 deg. This unit is shown in Fig. 5 along with two further probability distribution functions.
embodiments where the modulators are set at 30 deg rela- Early experiments were done using the umbrella struc-
tive to each other. The choice of relative angle of 30 deg ture shown in Fig. &) and the square-well MQW structure.
provides a maximum full FOV angle of about 60 deg with | ater experiments used the array shown in Figh) Svith
the response maintaining a level of at least 50% of the the coupled-well MQW modulators.
single MRR at normal incidence, as shown in Fig. 6. One of the objectives of this series of free-space com-
munication tests was to assess the feasibility of transmitting
real-time video signals in the presence of atmospheric tur-
bulence. These experiments used a handheld Sony cam-
corder that produced a standard NTSC signal, which was
digitized through an L3 wavelet compression system. This
unit compressed a 15 frame/s video signal down to 3
Mbits/s. The digitized signal was then routed through an
impedance-matching circuit to drive a single MRR at the
3-Mbits/s data rate. A photograph of the actual unit is
shown in Fig. 7 together with a still frame extracted from a
video transmitted by the unit itself.

An interrogator on the shore illuminated the MRR array.
Since the ground station was on a cliff that was about 30 m
above sea level, the optical path was pointed slightly down-
ward to the water. The first interrogator consisted of a
1.5-W, 1550-nm NRL-designed erbium-doped fiber ampli-
fier (EDFA), collimated to a full anglee ? beam diver-

-20 0 20 40 gence of 1.3 mrad. The EDFA was seeded by a low-power
Angular offset from normal (degrees) laser, tunable from 1530 to 1580 nm to accommodate the
Fig. 6 Simulation of return from the array shown in Fig. 5(b). The Vanatlon. of climatic temperature. .
gray scale indicates the strength of the return normalized to the The interrogator was mounted on a gimbal but no
return from a single retroreflector. closed-loop pointing was available. The outgoing laser

Fig. 5 Progression of array mounted MRRs.

Angular offset from normal (degrees)

-40
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Table 1 The powers associated with all factors contributing to the link budget are shown, together with
the general formulas used and the specific case of the 2 km range link conducted on October 29,
2003, are presented and show good agreement between predicted and actual received powers.

Term Parameter Formula dB
Transmit power 42 W Measured 36.2 dBm
Transmitter loss Measured -15
Transmitter antenna gain Full angle e~ 2 divergence 32 76.7
64i,=0.83 mrad —
Hdiv
Gaussian beam underfilling
transmit aperture
Range loss (interrogator) Range, R=2 km N2 —204.2
A=1550 nm (m)
Atmospheric transmission 16-km visibility Reported visibility —0.6
MRR modulation efficiency, M Coupled-well modulator exp(— ag) (Cuow—1) -7.1
MRR loss Loss due to antireflection Measured -0.7
MRR T/R antenna gain, Diero=0.63 cm TDrerro| 164.3
Gretro (T)
Range loss (retroreturn) Range, R=2 km N\ —204.2
A=1550 nm (m
Atmospheric transmission 16-km visibility Reported visibility -0.6
Receiver antenna gain Dec=7.5cm Drec | 2 103.6
=
Receiver loss Fiber coupling loss Measured -3
Predicted received power 70 nW —41.1 dBm
Actual received power 44 nW —43.5 dBm

beam was emitted through a 5-mm hole drilled at 45 degin ~ When the received signal contained an optically encoded
the center of a 4-in.-diam mirror and was aligned with the video data stream, the output from thei-n FET was fed
axis of the receive optics. The interrogator unit was through a Femtovoltage electronic amplifier before being
mounted on a Meade tripod and manually pointed at the processed by a video expansion unit and bit-sync card, all
MRR array on the boat. The retroreflected beam carried thefrom L-3 and housed in a laptop computer. In the lab, a
modulation imposed on it at the boat. The receive mirror receive signal level of 0.2 V was sufficient to regenerate the
then directed the return beam throughféa collection lens video but in the field an amplification of 20 to 30 dB pro-
and a pair of coupling lenses into a 62.5/12% graded- vided by the electronic amplifier greatly improved the syn-
index multimode fiber-connectauti-n field-effect transis- chronization.
tor (FET) photodetector with a 7-MHz bandwidth arcb7-
dBm sensitivity, a responsivity of 0.98 A/W, and a .
transimpedance amplifier stage giving an overall transfer © Link Budget
gain of 1.08<10° V/W. Careful measurements of conditions, and characterization
All data, with the exception of the October 29, 2003, of the interrogator’s optical beam were undertaken to allow
data, were acquired using the 4-in. receive aperture systema comparison of the theoretical versus experimental link
just described. However, the October test used a secondoudget. Table 1 lists the factors involved in closing a two-
interrogator that consisted of a 5-W Keopsys EDFA, the way link to a single MRR unit of apertur®, ¢, at a range
output of which was collimated to a full angks 2 beam R, where the outgoing interrogating beam has a divergence
divergence of 0.8 mrad. A low-power laser, tunable from angle oféy, and the diameter of the limiting aperture of the
1536 to 1560 nm, again seeded the EDFA. The interrogatorreceiver isD ... We define a retroreflector transmit/receive
was mounted on a Sagebrush gimbal with a 10-lb maxi- optical antenna gaifs ., for use in the link budget. This
mum Weight limit that necessitated a miniaturization of the parameter is s|mp|y the product of the classical formulas
optics. The transmit laser beam was emitted through afor a diffraction-limited circular aperture used as a receiver
10-mm hole drilled at 45 deg in the center of a 4-in.-diam and as a transmitté?. Other specific parameters, such as
mirror and was aligned with the axis of the receive optics. the actual laser powers and the visibility, are those pertinent
The receive mirror directed the return beam through a 3-in.- to the tests conducted on October 29, 2003, when coupled-
diam limiting aperturef/2 collection lens and a pair of  well modulators were used in an angled array. Experimen-
coupling lenses into a 100/14@m graded-index multi-  tally, the link power varies due to both scintillation and
mode fiber-connecteg-i-n FET photodetector with a  pointing errors. Over a sufficiently long timef the order
7-MHz bandwidth and-57-dBm sensitivity. of 1 9, the variations due to scintillation should average out

Optical Engineering 056001-5 May 2005/Vol. 44(5)
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Fig. 8 Four time segments of data taken on October 29, 2003,
showing the slow atmospheric variations and the imposed 1-Mbits/s
square-wave modulation.

Data
----- Fit to data

PDF 0.1

Normalized Intensity

0.01

Fig. 9 PDF derived from the 7.5-s duration of data recorded on

March 7, 2003, at a range of 2 km. The intensity was normalized to

the mean intensity received. A PRBS at 250 kbits/s was returned

from a 0.63-cm-diam MRR. The I'T function best fit to the data is

consistent with a Rytov parameter 8,=0.72 and a scintillation index
2

o7=0.312.

streams into 1-s-long segments and used the segment with
the highest average for the experimental average in the link
budget. Agreement between theory and experiment was
very good, given the uncertainties in link parameters, with
the actual received power lower by 2.4 dB than the ex-
pected power. This difference may be attributable to devia-
tions in perfect diffraction limited return from the retrore-
flector.

6 Atmospheric Scintillation: Model

The long-length, high-sampling-rate data taken for the
MRR links enabled a detailed comparison to theoretical
treatments of the subject. We adopted the nomenclature and
formulations developed by Andrews and Phillfddn their
model, the intensity fluctuations experienced by an optical

Data ]
— — -Fit to Data |

0.1

PDF

0.01

0.1 1 10
Normalized Intensity

0.001

to the mean value of the received power. In our link budget Fig. 10 PDF derived from the 7.5-s duration of data recorded on

we assume perfect pointing. However, the boat was in mo-

March 7, 2003, at a range of 1.6 km. The intensity was normalized
to the mean intensity received. A PRBS at 250 kbits/s was returned

tion and no active tracking was used, so the interrogating from a 0.63-cm-diam MRR. The I'T function best fit to the data is
beam was centered only on the MRR array for some of the consistent with a Rytov parameter 8,=0.57 and a scintillation index
time. To account for this we broke the 17-s-long data o?=0.236.
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Fig. 11 Index of refraction structure parameter C,Z, inferred from val-
ues of B, drawn from best fits of data to I'T" function versus one-way
range. These data were recorded on March 7, 2003.
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Fig. 13 Probability of a fade plotted as a function of margin, in deci-
bels, of the received signal over detector sensitivity for data taken
on March 7, 2003, at range values of 1.25, 1.6, and 2 km.

wave passing through the atmosphere are characterized by

the scintillation indexa? which is a measure of the vari-
ance of the signal intensity:

L

In the limit of weak fluctuations and for the spherical wave
model,

(5

of=B5=0.5Cok"LI, (6)
where 3, is the Rytov varianceCﬁ is the structure param-
eter for refractive index fluctuationk,is the wave number
of the optical wave, and is the range of propagation.

The probability distribution functiodPDF) is generally
accepted to follow a lognormal function when single scat-

tial. To cover the full range of turbulence, the generalized
gamma-gamma distributiofi'T") of the irradiance has been
proposed by Andrews et 4.

2((1B)(a+'8)/2
F'(a)I'(B)
whereK (x) is a Bessel function of the second order, and

and g are directly related to the large-scale and small-scale
scintillationso and o of the optical wave

p(l)= [(a*BIZ=1 - J[2(apl)?], @)

1

(o8

and B : (8)

o=

XN
Sl =

while the total scintillation indexs? is related to these pa-

tering events dominate and the atmospheric fluctuations arerameters by

weak. Increasing turbulence leads to multiple scattering ef-
fects and, in the limit of very strong turbulence, the irradi-
ance statistics are expected to follow a negative exponen-
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Fig. 12 PSD profiles derived from a 7.5-s-duration data stream con-
sisting of on-off keying at 250 kbits/s applied to a modulator at a
range of 1.62 km from the interrogator unit. These data were re-
corded on March 7, 2003.
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Fig. 14 PDFs measured over 1-s durations shown at 2-s intervals
for a consecutive 17-s record of 1-Mbits/s modulated PRBS data
returned from a MRR array located at a range of 1 km. The intensity
was normalized to the mean intensity received.
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Fig. 17 PSD profiles derived from a 17-s-duration data stream con-
sisting of a PRBS at 1 Mbits/s applied to a modulator at a range of
1.6 km from the interrogator unit. These data were taken during the

. . . . April 15, 2003, test.
Fig. 15 PDF derived for a 1-s duration of data recorded on April 15, P es

2003, at a range of 1 km. The intensity was normalized to the mean
intensity received. The data set corresponds to the 13th second of
the data shown here. A PRBS at 1 Mbits/s was returned from a
6.3-mm-diam MRR. The I'T" function best fit to the data is consistent

with a Rytov parameter 8,=0.751 and a scintillation index o?

negligible difference in the scintillation index that results
from the best fit to the PDF either including or excluding

=0.529. the inner-scale dependence, whereas there is a significant
difference in the value 0B,. Thus, the data presented here
are evaluated using the PDF for the spherical wave ap-
02:1+1+i 9) proach and with no inner-scale dependence. We also at-
'""a B ap’ tempted using the simpler log-normal PDF functoand

found that it gave substantially worse agreement with the
Note thato? and o2 are evaluated in the spherical wave data regardless of the parameters chosen.
model both in the absence of inner-scale effects and in the Increased fluctuations above theoretical predictions
presence of a finite inner scale, following the formulation in  would be expected if angle-of-arrival variations were suffi-
Ref. 22. Here the large-scale and small-scale variances aresient to move the focal spot of the receive telescope off the
functions of the Rytov parametgt, and of the nondimen- ~ Mmultimode fiber that couples to the photodetector. In previ-
sional parametef,=10.84/kI2, wherel, is the inner- ous measurements over Chesapeake Bay, we found angle-
scale length of the turbulence. Generallyjs accepted to Ff—arrlval flucltuatlrc])nl_:, to Ee ‘f"bO#tSO prad éor.a muhch
be in the range of 3 to 10 mm near the ground and takes onger optical path than that in this experiméi@iven the
lower values for higher turbulence conditions. However, approximately 25 cm focal Iength of the receive optics, this
when the actual data were fitted to the full inner-scale- corresponds to a spot wander in the focal plane of about 12

; : : pm. This is much less than the 62- and 1@@-diam mul-
depe_ndence PDF, it was found tha.‘t this formulatlon_rarely timode fibers used in the receivers, so we do not expect
provided any improvement to the fit over that found in the

) e : _spot wander to be a problem.
absenfci‘e ]?I ;Edudd'?g mner”scale” eEe(;,ts. :ndiﬁdtn:k?ny yal We used the experimental data and Ef).to character-
ues oflo fit the data equally well. Note also that ther€ IS 74 the scintillation in our links. A best fit of Eq7) to the
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Fig. 16 PDF derived for a 1-s duration of data recorded on April 15,
2003, at a range of 1.6 km. The intensity was normalized to the
mean intensity received. The data set corresponds to the 10th sec-
ond of the 17-s-long data record. A PRBS at 1 Mbits/s was returned
from a 0.63-cm-diam MRR. The I'T function best fit to the data is
poor, and the curve shown corresponds with a Rytov parameter
Bo=0.862 and a scintillation index o?=0.68.
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Fig. 18 PDF derived from a 25-s duration of data recorded on Oc-
tober 29, 2003, at a range of 1.6 km. A 1-Mbits/s data stream was
returned from an angled array of five 0.63-cm-diameter MRRs. The
I'T function best fit to the data is consistent with a Rytov parameter
Bo=0.235 and a scintillation index o?=0.056.
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10" to a MRR array carried on a boat for ranges up to 2 km.

10° The March 7, 2003, data used both a PRBS*{+a) and

o a square-wave modulating pulse profile at 250 kbits/s. The
modulation rate was set by the digitizer used at that time,

PSD 107 7 which enabled capture of only 2.5 megasamples/s for 7.5 s.
10° Data taken after April 14, 2003, were acquired with a digi-
107 - tizer having an extended sampling rate of up to 50

megasamples/s and so modulation rates of up to 5 Mbits/s

-5

10 were then possible for data lengths of 7 s. At the lower rate

10° e of 1 Mbits/s, data could be stored for a 17-s time span.
10 Hz 100 Hz TkHz 10kHz For the square-wave-modulated signals, it was possible
Frequency to measure the intensity as a function of time from the
Fig. 19 PSD profiles derived from a 25-s-duration data stream at 1 range of values recorded over a single modulation period.
Mbits/s applied to a modulator at a range of 1.6 km from the inter- This was not possible with the PRBS modulation, and so
rogator unit in the presence of light rain on October 29, 2003. these data had to be first adjusted for incomplete ac cou-

pling by shifting the level by the slowly varying average of

the signal and then taking the absolute value of the signal.
measured intensity fluctuations of a given data set infers anSome relevant parameters associated with the double-pass
experimental determination g8, and, in turn, an implied  link are given in Table 2 for ranges most commonly used in
value for the scintillation index-2. these tests.

In addition, since our measurements are taken over a For close-in ranges of 500 to 750 m, the return signal
monostatic return channel, where the modulator is effec- would often saturate the detector but the small beam size at
tively a point source and the receiver has a finite aperture, the modulator made continuous pointing difficult for long-
the resulting best-fit scintillation index must be scaled for a period acquisitions due to motion of the boat. For ranges of
single path and a point receiver to be able to compare the fit2 km or more, the pointing from the interrogator was much
parameters with independently measured values of theeasier, but the fourth-order fall-off with range for the re-
structure constanCﬁ. We use the single-to-double path turned signal made it necessary, for instance, to have all

relationship? five MRRs contributing to the return signal when only 1.5
W of laser power was available and so, in that case, the

o?(2L)=c?(L)[4+o?(L)], (10) pointing of the MRR from the boat became more critical.
An example of the raw data from a 7.5-s record is shown
and the aperture averaging fac®r(Ref. 21): in Fig. 8 where four time segments are reproduced showing
the typical atmospherically induced variations as well as
kD?2\ 5/6]-7/15 the imposed higher frequency modulation. This plot dem-
A= 1+0'33:<I , (12) onstrates how the very different time scales of the data rate

and the atmospheric fluctuations affect the signal. The scin-
tillation fluctuations often exceed the 2:1 optical contrast
: . C o ratio, but, since they do so on a slow timescale, the indi-
The R)_/tov parfimetqeo_, which gives a scintillation in- vidual bits are never distorted. A summary of the data pre-
dex consistent with the single pas%(L), is then used to sented in this paper is given in Table 2.
give a value ofCﬁ for the data set under consideration. The bandwidth7 MHz) of the p-i-n FET detector was
Theory?***and experimert predict an enhancement of  chosen to enable the imposed modulatiop to 5 Mbits/3
both the backscattered intensity and the fluctuations of thatig pe ac coupled while the highly variable dc component of
intensity in a retroreflector link. The enha_ncement faqtor of the return signal below 20 kHz was effectively damped.
both generally varies between 1.5 and 2 times. The width of Remaining variations due to incomplete ac coupling of the
the enhanced backscatter peak is approximately the firstsignal were dealt with by adjusting the level with a running
Fres_nel zone. Since we have no spatial resplutlon in our gyerage of the signal and then mapping the modulated sig-
receiver, we cannot verify the presence of this peak, how- na| strength with time. Histograms of the received intensity
ever, the enhanced backscatter phenomenon is not likely toyere derived from the data sets. The histograms were then
have a large effect on our experimental results. For our normalized to an average intensity of 1 and the probability
experimental conditions, this peak would have a width be- djstribution was also normalized to an integrated value of 1.
tween 1.5 and 2.5 cm, depending on range. Since our re-sample normalized PDFs are shown in Figs. 9 and 10 for
ceivers have either a 7.5- or 10-cm aperture, the effects ofyanges of 2 and 1.6 km taken on March 7, 2003. Note that
the enhanced backscatter will be diluted by a factor of 10 or the OSNR of the link was generally 10 to 15 dB so that
more. In addition, since both our interrogators had 0.5- t0 experimental data for intensities below about 10% of the
1-cm holes in the center of the receive optic to allow for the mean are not reliable, being below the detector noise floor.
transmit beam, the strongest part of the enhanced backscatthijs accounts, in part, for the deviation of the experimental

whereD is the diameter of the receiver aperture.

ter peak never makes it into our receiver. and theoretical PDFs at low intensity.
. Figure 11 shows the cumulati@? values deduced from
7 Data Analysis the March 7 data and plotted as a function of the single-

Long-duration data sets of received signal intensities were pass range parameter. Finally, Fig. 12 shows a typical
acquired during three field tests conducted from the shorepower spectral densityPSD plot, which was generated
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Table 2 A summary is given of all the turbulence parameters deduced from the data taken on the
three test dates described in this paper, namely, March 7, April 15, and October 29, 2003, as well as
the pertinent weather related conditions as measured at Thomas Point buoy, a weather station near
the test site. WndSpd is the wind speed in meters/second, WtrT is the water temperature in degrees C
and AirT is the air temperature in degrees C.

Range Thomas Point  Air Temperature Data Length
Date (km) Bo of C3(x107%% Buoy at Boat (s)
3-7-03 2 0.72 0.312 1.083 a 1.6 7.5
0.69 0.289 1.003 a 1.6 7.5
0.636 0.250 0.863 a 1.6 7.5
0.625 0.242 0.836 a 1.6 7.5
0.683 0.284 0.985 a 1.6 7.5
0.706 0.301 1.046 a 1.6 7.5
0.763 0.345 1.215 a 1.6 7.5
0.745 0.331 1.154 a 1.6 7.5
0.718 0.311 1.079 a 1.6 7.5
1.6 0.617 0.270 1.406 b 0.9 75
0.561 0.226 1.173 b 0.9 75
0.574 0.236 1.226 b 0.9 7.5
125 0.469 0.189 1.535 c 7.5
0.497 0.211 1.722 c 7.5
0.66  0.359 2.974 c 7.5
04-15-03 1.6 11 0.683 3.879 d 17
1.6 0.618 0.271 1411 d 17
1 0.335 0.114 1.395 e 14.7 17
10-29-03 1 0.342 0.101 1.236 f 13 25
2 0.479 0.129 0.4436 g 25
1.6* 0.294 0.056 0.288 h 25

AWndSpd, 5.8 m/s; WtrT, 0.7°C; AirT, —3.6°C.
PWndSpd, 6.5 m/s; WirT, 0.8°C; AirT, —3.2°C.
‘WndSpd, 6.8 m/s; WtrT, 0.9°C; AirT, —3.1°C.
WndSpd, 7.5 m/s; WtrT, 9.3°C; AirT, 10.7°C.
®WndSpd, 7.3 m/s; WtrT, 9.5°C; AirT, 10.4°C.
'WndSpd, 6.8 m/s; WtrT, 15.2°C; AirT, 9.8°C.
9WndSpd, 4.9 m/s; WtrT, 15.2°C; AirT, 10.1°C.
"WndSpd, 2.7 m/s; WtrT, 15.5°C; AirT, 9.9°C.
*There was light rain during this measurement.

using the maximum duration file length of 7.5 s for a data Again, using the March 7 data, the fade probability is de-
set of March 7, 2003, taken at a range of 1.62 km and rived as a function of signal margin in decibels at 1.25, 1.6,
where a Hanning window was applied prior to performing and 2 km. The fade probability is plotted in Fig. 13 versus
the FFT. In this and other PSD plots shown, high-frequency the signal level margin in decibels for these ranges.

components in the plots are dl_Je to elec_trical or other noise  \whereas the March 7 test was conducted on fairly calm
and are not due to atmospheric fluctuations. water with the ambient air temperature slightly below and

Note that, in general, the derived value @f drops as e, temperatures just above 0°C, the April 15 test was

the range increases. We believe that this is due to the ge-paracterized by choppy winds and relatively warm water
ometry of the link. The test site is set back somewhat from

the shore, thus the longer range slant paths pass higherand air temperatures of close to 10°C. The specific values

above the ground than the shorter range paths. The scintil-2r€ inc!ud_ed _in Table 2. The variability is exemplifie_d by
lation close to the ground is higher, so the path-integrated the varlat_lon_ n the secqnd—by-second PD.FS shown in Fig.
C2 values are higher as well 14. The individual profiles can be well fitted to tHd"

" .

Another useful diagnostic parameter of a laser commu- function, as demonstrated in Fig. 15, where the data taken
nication channel is the probability of a fade, given a re- in the 13th second is compared to the theoretical best fit
ceived signal level. The probability of a fade can be simply Curve, but an average of the PDFs taken for 1-s intervals

derived from the integrated PDFs. If we assume that the Over the whole 17-s interval fits less well. Later in the day
mean received power has a given margin above the re-when the turbulence became even higher, the PDF of the

quired signal level for the detector, the PDF can be used todata taken at that time could not be fitted using ifie
estimate the probability of a fade below the required level. procedure, as can be seen in the example presented in Fig.
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16. The PSD for one of the tests on April 15, 2003, is under a variety of conditions are useful in estimating fade

shown in Fig. 17. probabilities for system design. A more extensive measure-
The October 29, 2003, test was conducted under vari- ment of link conditions as a function of weather and air and

able conditions with the water temperature being of the water temperatures is underway at NRL and may help to

order of 15°C and the ambient air temperature about 10°C, predict performance of free-space optical links.

but the winds diminished as the day progressed, ending
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